Abstract. Although high density polyethylene (HDPE) is one of the most widely used industrial polymers, its application compared to its potential has been limited because of its low dimensional stability particularly at high temperature. Dilatometry test is considered as a method for examining thermal dimensional stability (TDS) of the material. In spite of the importance of simulation of TDS of HDPE during dilatometry test it has not been paid attention by other investigators. Thus the main goal of this research is concentrated on simulation of TDS of HDPE. Also it has been tried to validate the simulation results and practical experiments. For this purpose the standard dilatometry test was done on the HDPE specimens. Secant coefficient of linear thermal expansion was computed from the test. Then by considering boundary conditions and material properties, dilatometry test has been simulated at different heating rates and the thermal strain versus temperature was calculated. The results showed that the simulation results and practical experiments were very close together.
Introduction
High density polyethylene (HDPE) is the most widely used polyolefin polymers because of its moderate strength, low cost, excellent processability and high chemical resistance [1] . It can be used in many applications such as automotive, transportation, packing, petrochemical and oil industries. For example nowadays the use of HDPE pipes in petrochemical, oil and gas industries is very common [2] . Although HDPE parts are present in all industries its application has been constrained because of its low dimensional stability particularly at high temperature. Like other thermoplastic polymers it can not tolerate high temperature for a long time. According to literature there are two main methods to evaluate its tolerance at high temperature, the so called dimensional and thermal stability [3] [4] [5] [6] [7] . Dimensional stability of a material can be dictated by its coefficient of thermal expansion (CTE). There are two expressions of this quantity which first is volume (α v ) and the latter is linear (α L ) coefficient of thermal expansion. For isotropic materials α v = 3α L approximately. Coefficient of linear thermal expansion (CLTE) is a material property that is indicative of material expansion upon heating. [8] . There are two familiar methods to determine CTE of the material. In fact the exact definition depends on the range of studied temperature. If it is achieved at a specific temperature it can be called true coefficient of thermal expansion or α t . But sometimes it is preferred to measure ther-mal expansion over a temperature range which is called secant coefficient of thermal expansion (SCTE) or α se . The true coefficient is related to the slope of the length versus temperature, while the secant coefficient is determined by the slope of the chord between two points on the curve (Figure 1 ). The magnitude of CTE based on true and secant can be obtained using Equation (1) and (2), respectively [9] :
where L is the length at T, T 0 is the initial temperature (25°C in this work) and L 0 is the length at T 0 (zero thermal strain). Also, Thermal strain due to length change can be calculated using Equation (3):
CTE can be calculated using both theoretical and experimental methods. There are many papers concentrating on the calculation of thermal expansion using theoretical methods [10] [11] [12] . For example Garai [11] found a correlation between heat capacity and volume coefficient of thermal expansion of highly symmetrical monatomic arrangements for some metals. Furthermore, thermal expansion coefficient of crystalline polymers has been predicted by Kardos et al. [10] . The approach was based on the assumption that a crystalline polymer can be descirbed as a multi-ply laminated composite. The results of their calculations showed a good agreement between theoretical and experimental data of an isotropic sheet of quenched HDPE. Like theoretical methods there are many studies focused on CTE of polymers experimentally [13] [14] [15] [16] [17] [18] [19] [20] . The base of almost all papers was dependency of length change on temperature. Simha et al. [16] evaluated thermal expansivities at low temperature on a series of polymer blends over the whole range of composition from pure polyethylene to pure polypropylene. Brillhart et al. [17] studied the thermal expansion of a kind of polyamide using wideangle x-ray scattering (WAXS) method from 25°C to 325°C. Jayanna and Subramanyam [18] examined thermal expansion of irradiated polyethylene from 10 to 340 K by using the three-terminal capacitance technique and it was found that the CTE was constant at radiation varies from 10 to 110 K and decreased as radiation increased up to 340 K. In spite of importance of heating rate on dimensional stability and SCTE of HDPE, there are a few papers concentrated on it. Therefore, in this paper it is tried to elucidate the role of both heating rate and temperature on dimensional stability and SCTE of HDPE. Also, it will be an attempt to simulate of system to clarify the dependency of SCTE on both heating rate and temperature.
Experiments

Sample preparation
In order to evaluate the thermal expansion behavior of HDPE, one of polymer by the trade name of Eltex B4020 from Solvay Polyolefins, Rosignano, (Italy) was used. The details of the used polymer are summarized in Table 1 . The samples were produced using an OIMA-85 ECO 3080 injection molding machine c/o Interplast, Scandicci (FI), Italy. The temperature was increased progressively along the apparatus from 160 up to 200°C. Then the standard samples were performed by cutting the injected samples to get the final size of about 18×4×4 mm. Since during cutting, the sample surfaces became a little bit rough thus just to reduce experimental errors the surface of all samples were polished by using wet grinding method. The polishing was continued to achieve a surface roughness of about 10 micron. It is worth noting to avoid increasing temperature the polishing was done under cooling water system. 
Dilatometry test
Dilatometery test is the simplest way to predict dimensional stability of materials [9] . The dilatometry apparatus was Dima_85ECO3080. The machine was equipped with cooling circulation system. To find out the role of heating rate on change in length, the samples were heated from room temperature up to 70°C at different heating rates i.e. 2, 5, 10, 20, 30, 40 and 60°C/min. The change in length corresponding to each temperature was measured directly. Three samples for each material were tested. All samples were taken away after reaching to room temperature. Then SCTE and thermal strain were calculated for each heating rate by Equation (1) and (3), respectively.
Simulation
The main goal of using simulation method was to predict the sensitivity of dimensional stability of HDPE on heating rate. To do so the following objects were investigated.
-Effect of heating rate on temperature gradient.
-Effect of heating rate on strain gradients.
-Variation of displacements and thermal strains versus temperature using experimental data. The used thermo physical properties are shown in Table 2 . In the current study SCTE was taken into account as a function of 1) Temperature and 2) both temperature and hearting rate. It is worth noting that the originality of the current study is paying attention to both temperature and heating rate, simultaneously. Furthermore, dependency of SCTE on temperature gradient was neglected because of low temperature gradient. Simulation was done using finite element method. Just for getting the most stable results the different element divisions were tried. The optimum results were obtained using the following divisions. Length (X direction) = Height (Y direction) = 5 elements and width (Z direction) = 20 elements. Hence the used total elements are 500 elements. Initial and boundary conditions were applied on the HDPE model according to the push rode dilatometry. The conditions are shown in Figure 2 schematically. Figure 3 illustrates variations of displacement of HDPE along Z-direction versus temperature. As it can be seen a raise in temperature corresponds to more displacement along Z-direction. The true reason of this variation can be attributed to boundary condition (applied to Figure 2 ) which can have an effect on chain vibration and free volume of HDPE. Displacement counters along Z-direction due to increasing temperature at the several heating rates are shown in Figure 4 . As it shows the displacement is distributed uniformly along the specimen (Z direction) except near the surface because of constraint. Figure 5 shows that the latent thermal strain variation as element vanishes from origin point. This behavior is expected by considering the Equations (1) and (3) . Also as seen in Figure 3 and Figure 5 both displacement and ε th along Z-direction raise as heating rate increase at a constant temperature. To determine the temperature distribution within the specimen, the results of simulation of thermal analysis can be useful. The Results show that the Figure 6 . The result of numerical calculation of SCTE is shown in Figure 7 . As it can be observed both thermal strain and SCTE show an increase as temperature increases. At each heating rate, two separated regions can be recognized. At the beginning of test the slope is almost linear but gradually the slope shows a nonlinearity behavior. The reason of linear behavior at the beginning of each curve can be attributed to reaching the sample temperature to the considered temperature. After passing from linear part, nonlinearity behavior of SCTE as a function of both temperature and heating rate appears. Indeed SCTE of HDPE shows a different behavior at low and high temperatures and heating rates. Looking at in more details on Figure 7 shows that there is a critical heating rate i.e. 30°C/min and if heating rate becomes greater than the rate SCTE will be shown a nonlinearity behavior other wise it will be changed linearity as temperature increases. The subject should be under attention is post crystallization (recrystallization) of polyethylene during reheating. This is because polyethylene is a semi crystalline polymer and its spherulite size and even its crystallinity can be affected by heating and reheating. To clarify post crystallization looking at in more details on Figure 7 can be useful. The figure shows that at low heating rates (i.e. 2, 5, 10, 20
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and 30°C/min) trends of the curves are smooth unlike high heating rate (i.e. 40 and 60°C/min). In fact at high heating rate the spherulites have not enough time to rearrange unlike at low heating rate. This behavior can be a result of more recrystallisation (or post crystallization) of polymer [21] [22] . Our results differ from those presented by other investigators is that we take into account the effect of both temperature and heating rate on SCTE. While previous scientists have paid attention just to temperature, the effect of heating rate on SCTE has been neglected. For example, the result of an investigation which was concentrated on SCTE of crystalline polymeric solids showed a linear relationship between SCTE and temperature [13] . The authors believe that the reason of nonlinearity can be influenced by thermal shock and distribution of strain within the HDPE specimen. Using simulation and computation of SCTE, thermal strains at different heating rate were calculated. 
Conclusions
To investigate the sensitivity of dimensional stability of high density polyethylene on both temperature and heating rate the standard dilatometry test was done on the HDPE specimens. Secant coefficient of linear thermal expansion was computed from the test. Then by considering boundary conditions and material properties, dilatometry test has been simulated at different heating rates and the thermal strain versus temperature was calculated.
The results are remarked as bellow.
-Both Thermal strain and SCTE depend on heating rate. -There is a critical heating rate in which dependency of SCTE on both heating rate and temperature will be changed. -The results of simulation show a good agreement with experimental data.
